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The 1.4 A˚ Crystal Structure of Kumamolysin:
A Thermostable Serine-Carboxyl-Type Proteinase
members of this family based on sequence similarities,
among them the prokaryotic enzymes from Pseudomo-
nas sp. [3], from Xanthomonas sp. T-22 [4], and from
Mireia Comellas-Bigler,1 Pablo Fuentes-Prior,1
Klaus Maskos,1 Robert Huber,1 Hiroshi Oyama,2
Kenichi Uchida,3 Ben M. Dunn,4 Kohei Oda,2
Bacillus coagulans (J-4) [5], which share between 30%and Wolfram Bode1,5
and 35% sequence identity. This proteinase family is not1Abteilung fu¨r Strukturforschung
restricted to prokaryotes, but also includes eukaryoticMax-Planck-Institut fu¨r Biochemie
homologs, and quite recently, the human lysosomal tri-Am Klopferspitz 18 a
peptidyl-peptidase I (also termed CLN2) has been as-D82152 Planegg-Martinsried
signed to the family as well [6]. Mutations in the encodingGermany
CLN2 gene are directly associated with a fatal neurode-2 Department of Applied Biology
generative disease called classical late-infantile neu-Faculty of Textile Science
ronal ceroid lipofuscinosis [7].Kyoto 606-8585
Kumamolysin, which was the first thermostable pep-3 Department of Biosciences
statin-insensitive proteinase identified, was isolatedSchool of Science and Engineering
from the culture filtrate of Bacillus novosp. MN-32, aTeikyo University
bacterium found in the hotspring water near volcanoes1-1 Toyosatodai
[8]. Kumamolysin is expressed as a 64 kDa precursor,Utsunomiya 320-8551
which under acidic conditions is autocatalytically con-Japan
verted to the 43 kDa active enzyme (our unpublished4 Department of Biochemistry
data). The proteolytic activity of kumamolysin is optimaland Molecular Biology
at pH 3.0 and 70C [2]. In the oxidized insulin B chain,University of Florida
kumamolysin preferentially cleaves between Leu15 andGainesville, Florida 32610
Tyr16, while hydrolyzing the Phe25-Tyr26 bond at a
much slower rate.
Quite recently, mutagenesis studies on CLN2, which
Summary identified two aspartic acid residues and a serine residue
as essential for catalytic activity, led to questioning of
Kumamolysin is a thermostable endopeptidase from the carboxyl proteinase assignment [9]. Very recently,
Bacillus novosp. MN-32, exhibiting maximal proteo- this enigma was solved by the crystal structure analysis
lytic activity around pH 3. It belongs to the newly identi- of the homologous Pseudomonas sp. proteinase, which
fied family of serine-carboxyl proteinases, which also revealed a subtilisin-like fold and a nucleophilic serine
includes CLN2, a human lysosomal homolog recently residue placed adjacent to a glutamic acid and an aspar-
implicated in a fatal neurodegenerative disease. Ku- tic acid [10]. This family, which belongs to the subtilisin
mamolysin and its complexes with two aldehyde inhib- clan (SB), has thus recently been renamed as the serine-
itors were crystallized, and their three-dimensional carboxyl proteinase (SCP) family (MEROPS classification
structures were solved and refined with X-ray data to S53). Accordingly, kumamolysin and the homologous
1.4 A˚ resolution. As its Pseudomonas homolog, kuma- Pseudomonas sp. proteinase should be designated ku-
molysin exhibits a Ser/Glu/Asp catalytic triad with par- mamolysin serine-carboxyl proteinase (KSCP) and
ticularly short interconnecting hydrogen bonds and an PSCP, respectively.
We have determined the high-resolution crystal struc-oxyanion hole enabling the reactive serine to attack
tures of free KSCP and of complexes with two specificsubstrate peptide bonds at quite acidic pH. An addi-
tripeptidyl aldehyde inhibitors at pH 3.0 and pH 4.5. Thetional Glu/Trp pair, unique to kumamolysin, might fur-
KSCP structure essentially confirms the PSCP findingsther facilitate proton delocalization during nucleo-
of a Ser/Glu/Asp triad but adds novel features such asphilic attack, in particular at high temperature.
an extended catalytic machinery and the persistence of
the bound calcium ion in crystals at pH 3 (pH of maximalIntroduction
activity). The availability of two related SCP structures
now permits definition of essential structural determi-In the early 1970s, three proteinases were isolated from
nants and understanding of the mechanism in which anScytalidium lignicolum that exhibited optimal catalytic
acidic residue pair might function as a general base/
activity at acidic pH but lacked primary structure similar-
acid during proteolysis.
ity to any other known carboxyl proteinase [1]. Later, the
finding of at least two catalytically important carboxyl
Results
groups and the insensitivity of these proteinases toward
most common aspartyl proteinase inhibitors such as Overall Structure
pepstatin led to the proposal of a new family of pep- Two crystal forms, which belong to the monoclinic space
statin-insensitive carboxyl proteinases [2–4]. More re- group P21, were obtained. Crystals of form A, obtainedcently, several more enzymes have been classified as
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Table 1. Statistics for Data Collection and Refinement
A B B-IPF B-IAF B-IPF pH 3
Native KSCP Native KSCP KSCP  Ac-IPF KSCP  Ac-IAF KSCP  Ac-IPF
Crystal Content monomeric dimeric dimeric dimeric dimeric
Space group P21 P21 P21 P21 P21
Cell constants (A˚)
a 42.63 54.86 55.03 54.76 54.96
b 78.32 78.25 78.30 78.18 78.23
c 49.00 73.53 73.17 72.98 73.36
 106.33 98.28 98.45 98.09 98.13
Resolution (A˚) 2.3 1.4 2.8 1.8 1.9
Outermost shell (A˚) 2.39–2.27 1.41–1.38 2.95–2.80 1.84–1.78 1.93–1.90
Reflections measured 26,014 603,967 26,276 114,754 102,389
Unique reflections 13,692 120,406 13,434 55,533 45,324
aRmerge (%) 9.1 6.9 9.9 4.1 8.6
Completeness overall/outermost shell (%) 95.6/87.4 95.5/79.0 89.6/89.6 97.3/90.6 93.8/93.8
Reflections used for refinement 12,659 108,310 12,871 53,281 43,023
Resolution range (A˚) 36.3–2.27 19.52–1.38 12.00–2.80 24.87–1.78 28.28–1.90
bRfactor (%)/ cRfree (%) 20.6/25.8 19.4/20.8 21.4/28.4 19.5/23.1 19.8/24.1
Rmsd 0.010/1.65 0.011/1.63 0.010/1.58 0.010/1.59 0.009/1.55
Bonds/angles (A˚)
Average B (A˚2) 16.1/ 23.8/ 15.7/13.3 10.3/16.0 15.4/16.9
Protein  Ca2/inhibitor
a Rmerge  hkl|I  I|/hkl|I|
b Rfactor  hkl||Fobs|  |Fcalc||/hkl|Fobs|
c Rfree is the R value calculated with 500 reflections not used in refinement.
with the free enzyme, contain one molecule per asym- One Ca2 binding site has been identified during re-
finement in the surface region made by the long openmetric unit. Crystal form B, with two molecules in the
asymmetric unit, was obtained from the native protein loop connecting strands s10 and s11 (toward the bottom
right, Figure 1A). The bound calcium ion is sandwichedas well as from complexes with two different inhibitors,
N-acetyl-isoleucyl-alanyl-phenylalaninal (Ac-IAF-CHO) between loop segment Gly334-Asp338 (Figure 2B) on
one side and segments Asp316-Ile317 and Thr341-and N-acetyl-isoleucyl-prolyl-phenylalaninal (Ac-IPF-
CHO), referred to as B-IAF and B-IPF, respectively (Table Gly342 on the other side. It is coordinated in an almost
ideal octahedral manner by one carboxylate oxygen1). In both the monomeric and the dimeric crystal forms,
the KSCP molecules are tightly packed, consistent with from each of Asp316 and Asp338; the main chain car-
bonyl groups of Ile317, Gly334, and Gly336; and an inter-a 35% (v/v) solvent content. In line with this similar pack-
ing, the structures do not differ significantly, reflected nal water molecule (Figure 3). The B factors of this cal-
cium ion and of the coordinating oxygen atoms areby the low rms deviations of 0.23 A˚ for all 357 -carbon
atoms between the monomeric and dimeric forms, com- below the average, indicating tight binding and full occu-
pancy even at pH 3 (Table 1). Pro181, Pro251, and Tyr331pared with 0.17 A˚ for the two independent molecules
within the dimeric form. The following description of the exhibit a cis conformation. The internal cis-Pro181 pro-
vides a change in the main chain direction of the loopoverall fold of KSCP is mainly based on the 1.4 A˚ native
dimeric structure and thus is virtually independent of connecting strands s5 and s6, while cis-Pro251 intro-
duces a displacement between substrands s7a and s7b.both crystal packing and complexation state.
KSCP is a single domain protein with overall dimen- Both the amino nitrogen and the carbonyl oxygen of the
surface-located cis-Tyr331 are directed inwards. Thissions 48  44  31 A˚3 (Figure 1). The globular structure
exhibits an indent at the front (in the “standard orienta- allows formation of two adjacent hydrogen bonds with
internal polar groups, namely the carboxamide oxygention” shown in Figure 1), which accommodates the sub-
strate binding region and the active site (see below). of the conserved Asn322 and the KSCP-specific Ser167
O, respectively, as well as a favorable solvent exposureThe core of the molecule consists of a highly twisted 
sheet composed of eight parallel  strands arranged in of the polar side chains of residues Arg327 and Arg329.
A previous biochemical analysis had pointed out thethe sequential order s2, s3, s1, s4, s5, s6, s7, and s11
(Figure 1A). This parallel  sheet is flanked by five helices absence of free thiol groups in KSCP [2], suggesting that
the four cysteine residues might form two disulphidearranged on both sides running parallel to each other
and antiparallel to the core strands. Four of these helices bridges. It was therefore surprising that no disulphide
bridges are found in the crystallized KSCP construct,(h2a, h4, h5, and h8) and helix h1 are mostly exposed
at the molecular surface, while the remaining helices h3 which, due to lack of the last 28 amino acid residues,
contains only three of the four cysteines present in wild-and h6 are buried inside the hydrophobic core of the
molecule. In addition, KSCP exhibits a  hairpin made type KSCP, but exhibits 2.5-fold higher proteolytic activ-
ity (see Expression and Purification). Of these cysteines,by the antiparallel strands s6-s6a. Helix h7 and two other
solvent-exposed antiparallel pairs of strands, s6b-s6c Cys190 and Cys340 are deeply buried in the hydropho-
bic core, with their S atoms being 15 A˚ apart from eachand s8-s9, situated to the “right” of the active site, com-
plete the overall fold of the enzyme. other, thus precluding any disulfide bridge formation.
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Figure 1. Crystal Structure of KSCP
(A) Stereo ribbon plot of KSCP in the standard orientation, with the covalently bound Ac-IAF-CHO inhibitor shown as a yellow stick model.
The catalytic residues and the Ca2 ion are shown as orange stick models and an orange sphere, respectively.
(B) Stereo view of the C trace of KSCP shown with identical orientation as used for the ribbon plot. The protein chain is colored by rainbow
colors from the N- (blue) to the C-terminal (red). The main chain trace is marked at every 10th residue and numbered every 40. These figures
were drawn with BOBSCRIPT [39, 40] and RASTER3D [41].
Both cysteine residues might not be accessible enough Accordingly, the overall fold of KSCP resembles that of
PSCP, with most secondary structure elements and theto react with thiol-modifying compounds such as Ell-
man’s reagent, thus explaining previous failures to de- Ca2 binding site being conserved (Figure 2B). Major
differences include helix h2 of PSCP, which is missingtect free thiol groups. The third cysteine, Cys27, is lo-
cated close to the molecular surface, with its S atom in KSCP, strand s1a that is only present in KSCP, and
several  hairpin structures. The calcium site and theessentially buried in an internal cavity. Formation of a
disulphide bridge with the missing Cys377 would require coordination geometry in KSCP resemble those in
PSCP. The cis-Pro181 and 251 residues of KSCP have(besides the proper bridging of the corresponding C-ter-
minal segment) a side chain rotation of Cys27 and some equivalents in PSCP, embedded in similar environments.
The PSCP tyrosine equivalent to the cis-Tyr331 of KSCP,rearrangements of surrounding groups, making a disul-
phide formation with Cys377 unlikely. exhibits the usual trans conformation, presumably due
to lack of an internal polar residue in PSCP equivalent
to KSCP residue Ser167 to donate a hydrogen bond toStructural Comparison with PSCP/Subtilisin
The optimal superposition of KSCP with the recently an inwardly directed carbonyl group. The four cysteine
residues of KSCP have no equivalent in the other SCPssolved PSCP [10] (Figure 2A) reveals that 247 of the 357
-carbon atoms are topologically equivalent, with an of known sequence (Figure 2B).
The topological similarity of KSCP with subtilisin isrms deviation of 0.79 A˚ (using a threshold of 1.5 A˚).
Structure
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Figure 2. Topological and Sequence Comparison of KSCP with Other Members of the SCP Family and Subtilisin Carlsberg
(A) Stereo ribbon plot of KSCP (gold) superimposed with PSCP [10] (purple) and subtilisin Carlsberg [11] (red). The view is in standard
orientation. The picture was drawn with MOLSCRIPT [42] and RASTER3D [41].
(B) Structure-based alignment of the amino acid sequences of KSCP, PSCP [10], XSCP, CLN2, and subtilisin Carlsberg [11]. The identities of
these enzymes to KSCP based on topologically equivalence are: PSCP, 27.6%; XSCP, 23.7%; CLN2, 26.6%; and subtilisin, 13.3%. The gray
shading indicates structurally equivalent residues that are conservatively substituted in at least three of the five proteins. Residues conserved
in all five sequences are highlighted in red. The sequence numbers refer to KSCP;  sheets and  helices found in KSCP and PSCP are
represented by arrows and cylinders, respectively. The catalytic residues are indicated with red arrows, and the Ca2 ligands for KSCP and
PSCP are marked with black arrows. Parts of the subtilisin sequence not topologically equivalent to KSCP are shown in italics. The alignment
was prepared with the program ALSCRIPT [43].
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Figure 3. Stereo View of the Calcium Site,
Superimposed with the Final Electron Density
Map
Ball-and-stick models are shown for the li-
gand-providing residues (gray), the bound
Ca2 ion (orange), and the liganding water
molecule (blue). The final 2Fo-Fc electron
density is contoured at 1.8 	. The ion is octa-
hedrally coordinated by one carboxylate oxy-
gen of Asp316 (2.35 A˚) and Asp338 (2.35 A˚)
each; the three main chain carbonyl groups
of Ile317 (2.39 A˚), Gly334 (2.36 A˚), and Gly336
(2.33 A˚); and one water molecule (2.42 A˚).
The figure was generated with MAIN [36] and
BOBSCRIPT [39, 40].
significantly lower, but the overall fold is conserved be- nal salt bridge with Arg248 (which mimics the bound
calcium in subtilisin, see above).tween the two enzymes (Figure 2A). A structural compar-
ison of KSCP with subtilisin Carlsberg [11] results in 157
topologically equivalent C atoms, with a 0.92 A˚ rms Active Site and Substrate Binding Site
To define the binding geometry of a productively bounddeviation (threshold 1.5 A˚). Both proteinases share
about 13% structurally identical residues, a number of peptide substrate and to explore its interactions with
the KSCP subsites, we have solved the structures of thewhich are also conserved in the other SCPs (highlighted
in red in Figure 2B). The longer peptide chain of KSCP KSCP complexes with two different aldehyde inhibitors
whose design was based on the observed cleavageis accommodated in additional secondary structure ele-
ments. Interestingly, the number and the positions of preference of KSCP [2, 12]. Both inhibitors, Ac-IAF-CHO
and Ac-IPF-CHO, bind covalently through their aldehydethe calcium ion sites are not conserved between the
two enzymes (Figure 2A). The KSCP Ca2 site is situated group to the O atom of Ser278. The hemiacetal group
formed is clearly defined in the electron density, whichin a peptide insertion with no counterpart in subtilisin,
while the molecular region of KSCP corresponding to unambiguously identifies its central carbon atom to ex-
hibit S chirality. This covalent binding confirms Ser278the first subtilisin Ca2 site differs considerably from
subtilisin. In contrast, the second subtilisin calcium as the primary catalytic nucleophile in the active site of
KSCP. The active-site cleft of the enzyme is solventbinding loop is topologically conserved in KSCP; the
Ca2 position is occupied, however, by the guanidinium accessible, situated at the bottom of a depression
formed by the C-terminal end of the central helix h6, thegroup of Arg248. This guanidinium group forms hydro-
gen bond interactions with surrounding oxygens that solvent exposed side of helix h3 and the loops C-terminal
of strands s1, s4, and s5 (Figure 1A).are equivalent to the interactions of the calcium ion in
subtilisin. In the free enzyme, a network of quite short hydrogen
bonds connects Ser278 O via the carboxylate groupCompared with other proteinases of the subtilisin su-
perfamily, the proportion of charged residues (15%) is of Glu78 with Asp82 (Figures 5A and 7). In KSCP, this
hydrogen bond chain extends beyond Asp82 via Glu32not unusually high in KSCP. At neutral pH, its 23 aspar-
tate and 15 glutamate residues are not charge compen- (2.61 A˚) to Trp129 N
, completing a semicircular network
around the S2 pocket. Asp82 also contacts with an inter-sated by the 11 arginine, 4 lysine, and 4 histidine resi-
dues, giving rise to a strong negative overall charge nal water molecule (2.97 A˚), which further hydrogen
bonds to Ile31 O, Ser128 N, and another localized but(Figure 4). At the pH of maximal proteolytic activity prob-
ably existing in the natural habitat of Bacillus novosp. peripheral solvent molecule. Close to Ser278, another
acidic residue, Asp164, is placed on the molecular sur-MN-32, however, the net overall charge will be slightly
positive. Most of the aspartate and glutamate residues face of KSCP. The Asp164 O1 atom together with the
Ser278 amide nitrogen form the oxyanion hole, which incluster to the active-site cleft and its environment, while
the few basic residues concentrate on the molecular the inhibited structures accommodates the hemiacetal
oxygen of the bound inhibitor (Figure 5A).surface opposite to the active site (Figure 4). It is remark-
able that several of the acidic residues are arranged as The peptidyl moieties of the two bound inhibitors run
antiparallel to KSCP segment Ser128-Pro132 forming apairs (surface located: Asp179/Asp169, Asp134/Glu171,
and Asp210/Asp258; partially buried: Asp38/Glu80, twisted two-strand antiparallel  sheet with two main
chain hydrogen bonds between Gly130 and P3-Ile, andAsp76/Asp268, and the Glu78/Asp82/Glu32 triplet), con-
nected through quite short (about 2.6 A˚) O···H···O inter- one between Ser128 O and P1-Phe N, respectively (Fig-
ure 5A). In addition, the carbonyl oxygen of the N-ter-carboxyl hydrogen bonds. Three more isolated acidic
residues (Glu84, Glu205, and Asp338) are completely minal acetyl group of the inhibitor accepts a hydrogen
bond from the nitrogen of the Asn102 carboxamideburied, with their carboxylate groups engaged in internal
hydrogen bonds, and the buried Asp252 forms an inter- group. The side chain of P1-Phe slots into the S1 groove
Structure
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Figure 4. Electrostatic Surface Representation of KSCP
Solid surface representation of the “front” side of KSCP shown in the same orientation as in Figure 1, and of the “back” side, obtained after
a rotation of 180 around a vertical axis. The colors indicate the electrostatic surface potential at pH 7 contoured from 20 kT/e (dark blue)
to 20 kT/e (dark red). White lines indicate the approximate position of the Ca2 binding residues Asp316 and Asp338. The image was
generated with GRASP [44].
mainly bordered by main chain segments 130–131 and the segment 102–104 main chain and the side chains
of residues Asn102, Leu33, and Phe107 (Figure 5C). The161–164, and delimited by the Asp179 side chain (Figure
5A). The tight interaction (2.7 A˚) between the partially P5-Lys side chain has been arbitrarily modeled to extend
away from the molecular surface. To the right of thepositively charged phenyl ring edge and the Asp179
carboxylate might (at lower pH values) further facilitate active Ser278, the KSCP active-site cleft extends along
segment 274-277, allowing hydrogen bond formationaccommodation of a phenylalanine (Figure 5B). The two
water molecules placed at the bottom of the S1 subsite between main chain functions of P2 and Gly275. The
phenolic side chain of P1-Tyr nestles into the largeseem to be integral structural elements of KSCP, since
they are also present in the uninhibited structure. The hydrophobic S1 depression flanked by the aliphatic
side chain parts of Glu78 and Leu81 and the main chainP2 residues of the inhibitors, proline in Ac-IPF-CHO and
alanine in Ac-IAF-CHO, fit well into the small and hy- of segment 74-78, with the phenolic O
 atom hydrogen
bonded to the Asn73 carbonyl group. The P2-Arg sidedrophobic S2 enzyme depression, which is demarcated
on one side by the aliphatic part of the side chain of the chain runs along a cleft bounded by Asn73, Pro259, and
Gly214 in such a manner that its guanidinium group cancatalytic Glu78, and on the other side by the indole
moiety of Trp129. This bulky tryptophan side chain nar- hydrogen bond to the adjacent carbonyl groups. The
P3-Leu side chain is directed into a hydrophobic sur-rows the S2 subsite of KSCP, allowing only the accom-
modation of small hydrophobic groups. The isobutyl face pocket, which is large enough to accommodate
more bulky side chains.side chain of P3-Ile extends into the active site cleft
without being fixed in a distinct S3 subsite. Parallel to the structure elucidation of KSCP, site-
directed mutagenesis studies were performed on fiveThe probable location of subsites S1–S3, S4, and
S5 and their interaction with a bound substrate have selected residues, Glu78, Asp82, Asp164, Ser278, and
Asp316, conserved throughout the SCP family. The 64been studied by modeling an octapeptide to the KSCP
structure. The model was based on the crystal structure kDa proenzymes were produced in E. coli JM109 cells
harboring the wild-type plasmid (pS3-A1) and mutantof eglin in its complex with subtilisin Carlsberg [11]; the
sequence of the eglin reactive-site loop was replaced by plasmids (pE78A, pD82A, pD164A, pS278A, and pD316A),
respectively, and are all immunoreactive against anti-the Lys-Pro-Ile-Pro-Phe↓Tyr-Arg-Leu (Figure 5C), which
was found to be the most effectively hydrolysed sub- kumamolysin antibodies (Figure 6). The D316A precur-
sor was, as the recombinant wild-type proenzyme, con-strate out of 74 tested [12]. The central part of this
peptide substrate (P1-P3) fits the conformation ob- verted to the 43 kDa active form by incubation under
acidic conditions, yielding a proteinase with about 3%served in the KSCP structure with the Ac-IPF-CHO inhib-
itor, and the P4-P3 peptide bond was modeled ac- activity of wild-type kumamolysin. The E78A, D82A,
D164A, and S278A proforms, in contrast, did not autoac-cording to the N-acetyl group interactions, with the P4
carbonyl likewise hydrogen bonding to the Asn102 car- tivate under these conditions and did not exhibit any
measurable proteolytic activity upon “activation cleav-boxamide nitrogen (Figure 5B).
Accordingly, the hydrophobic S4 groove is shaped by age” with wild-type enzyme.
Crystal Structure of KSCP
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Figure 5. Stereo Plots of the Active Site
Shown in Standard Orientation
(A) KSCP represented as a purple stick model
is superimposed with a transparent Connolly
surface. The Ac-IAF-CHO inhibitor and the
water molecules are displayed as a yellow
stick model and as cyan spheres. The dashed
cyan lines indicate hydrogen bonds between
the active-site residues and between the en-
zyme and the inhibitor.
(B) The catalytic residues and surrounding
residues of KSCP (purple) are superimposed
with PSCP (gray) [10] and subtilisin Carlsberg
(green) [11]. The Ac-IPF-CHO inhibitor as
bound to KSCP is represented as a yellow
stick model.
(C) A Lys-Pro-Ile-Pro-Phe↓Tyr-Arg-Leu pep-
tide substrate (yellow stick model) as proba-
bly binding to KSCP. KSCP shown as a blue
ribbon with a few important subsite residues
highlighted as stick models is superimposed
with a gray half-transparent Connolly surface.
Figure produced with DINO (http://www.bioz.
unibas.ch/xray/dino).
Discussion fold) [15], which differ in their overall fold but maintain
a conserved Ser-His-Asp catalytic triad. The newly iden-
tified serine-carboxyl proteinases have kept a subtilisin-Most of the serine proteinases can be classified into
like fold, but possess a novel catalytic triad consistingthree evolutionarily unrelated clans: SA (chymotrypsin-
of a Ser/Glu/Asp ensemble, which is able to confer pro-like) [13], SB (subtilisin-like) [14], and SC (/-hydrolase
teolytic activity even at quite low pH values. Here we
report the crystal structures of native KSCP (before
named kumamolysin) and of KSCP complexes with tri-
peptidyl aldehyde inhibitors bound at pH 3.0 and pH 4.5.
In KSCP, the two inhibitors bind covalently to Ser278,
identifying this residue as the nucleophilic/catalytic ele-
ment. The superposition of the KSCP structure with
Figure 6. Western Blot Analysis of the Expressed Mutant Proteins those of PSCP and subtilisin Carlsberg (Figure 2A)
in Transformed E. coli Cells shows that Ser278 corresponds to the catalytic residues
E. coli cell extracts before () and after () acidic activation were Ser287 (PSCP) and Ser221 (subtilisin). This functional
electrophoresed in a 12.5% SDS-polyacrylamide gel and analyzed and topological equivalence is in agreement with our
by Western blotting using rabbit anti-KSCP antiserum. The arrow- site-directed mutagenesis studies in KSCP showing that
head indicates the authentic KSCP. The Western blot shows the
the substitution of Ser278 by an alanine leads to thecell-free extracts of cells harboring the following plasmids: pE78A
complete loss of both autoprocessing and proteolytic(lanes 1 and 2), pD82A (lanes 3 and 4), pD164A (lanes 5 and 6),
activity. The equivalent mutants of PSCP, XSCP (ourpS278A (lanes 7 and 8), pD316A (lanes 9 and 10), and pS3-A1 (lanes
11 and 12). unpublished data), and CLN2 [9] are likewise inactive.
Structure
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Figure 7. Suggested Proton Location during the First Step of Acylation in KSCP
KSCP residues are shown as thin lines, while the peptide substrate is highlighted by bold bonds. The O···O and O···N distances indicated
in A˚ are given as observed for the free enzyme at pH 4.5/1.4 A˚ (left side) and for the KSCP-Ac-IPF-CHO complex at pH 3.0/1.8 A˚ (right side).
Similar to PSCP, the active-site Ser278 O of KSCP inserting into the oxyanion hole, fixed by the subsite
interactions of both flanking peptidyl moieties. Thisis hydrogen bond connected via the Glu78 carboxylate
with Asp82 (Figure 5A). Unexpectedly, however, the would allow the nucleophilic Ser278 O to attack the
polarized carbonyl group of the scissile peptide bondAsp82 carboxylate of KSCP is linked with another acidic
residue, Glu32, which in turn is hydrogen bonded to the to form a tetrahedral intermediate and to pass the transi-
tion state, under simultaneous proton transfers from theindole N
 atom of Trp129 (Figure 7). The many acidic
groups clustering within and around the active site acidic Ser278 oxonium cation to the Glu78 carboxylic
group, from the latter to Asp82, and from Asp82 to Glu32.should cause a slight increase of the pKa values of one
or both, Glu78 and Asp82 (from their intrinsic pKs of In a second acylation step (not shown in Figure 7), this
proton would be transferred back to the leaving groupabout 4.2 and 3.9), while the pKa of Glu32, in contrast,
might be lowered due to the additional hydrogen bond nitrogen of the substrate, allowing cleavage of the P1-
P1 scissile bond, formation of the intermediate acyldonated from Trp129 and the positive charge moment
of its indole ring edge (Figure 5A). The very short O···O ester, and dissociation of the C-terminal substrate frag-
ment. Thus, Glu78 and Asp82 of KSCP might serve asdistances (of around 2.6 A˚, see Figure 7) within this
active-site network seem to indicate strong, low-barrier pure proton shuttles, while the Glu32 carboxylate group
might represent the general base/acid proton: acceptinghydrogen bonds [16, 17]. Such short O···H···O interac-
tions between acid/base groups of similar pK sharing a the proton from Ser278 O and shuttling the proton
back to the leaving group, respectively. The followingcommon hydrogen in the low dielectric environment of
protein active sites are associated with low free ener- deacylation step would occur in an inverted manner,
with a fixed water molecule occupying the position ofgies and might therefore stabilize an overall negatively
charged resonance network in the free enzyme around the leaving nitrogen. The critical function of Asp164,
Glu78, and Asp82 has been confirmed by our mutagene-pH 3.
During the catalytic process, the Ser278 hydroxyl sis results, while the requirement of Glu32 and Trp129
for the catalytic efficiency of KSCP will have to be read-group becomes nucleophilic by the catalytic apparatus,
by releasing the O proton. The only possible proton dressed by forthcoming replacement studies.
The related PSCP [10] exhibits Ser287, Glu80, Asp84,acceptors are the carboxylic oxygens of Glu78. We
therefore assume that during substrate approach at pH and Asp170 as structural homologs of KSCP residues
Ser278, Glu78, Asp82, and Asp164 (Figure 5B). Thr34 in3, the protons might be located as schematically shown
in Figure 7 (for the probable hydrogen location in the PSCP corresponds topologically to KSCP residue Glu32
but is too far away from the carboxylic acid group offree proteinase, however, see [18]). As indicated by the
short intercarboxyl distances, the bridging hydrogens Asp84 to allow any direct proton transfer. However,
close to its Asp84 carboxylate group, PSCP exhibits,might be placed more symmetrically between the car-
boxylic group partners, which would mean that the neg- like KSCP, an internal water molecule, which is placed
in a favorable hydrogen bond distance to accept/donateative charge (in Figure 7, tentatively assigned to the
Glu32 carboxylate) would rather be delocalized over all a proton. This water molecule thus could take over in
PSCP (and possibly also in other serine-carboxyl pro-three carboxylic groups (Glu78, Asp82, and Glu32).
The three-dimensional structures of the KSCP en- teinases) the general base/acid function putatively as-
signed in KSCP to Glu32. More likely, however, thezyme-inhibitor complexes would suggest the following
acylation scenario (Figure 7): upon approach of a poly- Glu80/Asp84 couple of PSCP (as well as the equivalent
Glu/Asp pairs of the other SCPs including KSCP) existspeptide substrate, the scissile peptide bond will be pre-
sented toward the Ser278 O with its carbonyl group as a stable carboxylic acid-carboxylate pair that could
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act as a general base/acid. We speculate that the addi- this Asp132 would extend out of the active-site cleft,
accurately placed to anchor the unsubstituted N termi-tional Glu32/Trp129 pair in the thermostable KSCP might
be important for keeping the catalytic SCP apparatus nus of a binding substrate in such a manner that tripep-
tides would be released from the N terminus [21].functional also at high temperatures. Future simulations
and calculations should find out whether such acid- Bacillus novosp. MN-32 grows under quite acidic con-
ditions at high temperatures. Not surprisingly therefore,stable couples exist in the SCPs.
The similarity of the KSCP active site with that of KSCP is a thermostable enzyme achieving its maximal
activity at 70C and pH 3. Despite intensive investiga-subtilisin, which exhibits a Ser221/His64/Asp32 triad, is
much lower (Figure 5B). KSCP residues Ser278 and tions to unravel structural elements responsible for ther-
mostability, a general explanation remains elusive [22].Glu78 are topologically and functionally equivalent with
Ser221 and His64 of subtilisin. Noteworthy, the topologi- Sequence and structure comparisons with PSCP and
subtilisin Carlsberg suggest that the high proline contentcally equivalent of KSCP residue Glu32 is Asp32 in sub-
tilisin. The latter aspartate residue is thus not topologi- of the thermophilic KSCP (7.5% compared to only 3.5%
in PSCP) might contribute to its thermal stability [23].cally equivalent to the third residue of the SCPs, but
might have similar functions, namely to support the in- No significant differences can be detected between
PSCP and KSCP concerning the number of intramolecu-termediate storage of a proton and to anchor the second
active-site residue. This Asp32 carboxylate group of lar salt bridges [24], the occurrence of labile amino acids
(such as cysteines, asparagines, and aspartates) [25],subtilisin is hydrogen bonded to the Ser221 O nucleo-
phile via the His64 imidazole side chain and (in analogy the surface-to-volume ratio [26], and the number of hy-
drogen bonds [23]. Interestingly, an analysis of the hy-to the equivalent triad in trypsin) believed to remain in
the ionized state during catalysis [19]. The carboxylate- drogen bonds reveals that KSCP and PSCP possess
seven and five Asp/Asp or Glu/Asp pairs, respectively,imidazol(ium) pair of subtilisin is an excellent proton
acceptor/donor around neutral pH, but becomes dys- with carboxylate oxygen atom distances around and
below 2.6 A˚, presumably representing stable, low-bar-functional in the acidic pH range. In contrast, the second
glutamic acid residue (or the “Glu/Asp acidic pair”) in rier hydrogen bonds. These particularly stable hydrogen
bonds, which are a characteristic feature of these serine-the active-site apparatus of the SCPs can activate the
primary nucleophilic serine at lower pH values, but might carboxyl proteinases, should be structure-stabilizing el-
ements only in acidic environments.become dysfunctional in the neutral pH range.
The structure of the substrate binding region of KSCP The fully occupied calcium binding site of KSCP is
equivalent to that of PSCP (and also anticipated for thecan nicely explain the determined specificity profile of
KSCP as well as differences to the related enzymes other SCPs), but not to those of subtilisin Carlsberg
or the thermophile subtilisin-like thermitase [27]. OurPSCP, XSCP, and J-4 [12, 20]. The well-defined S1
pocket and the more open S2 subsite of KSCP can mutagenesis studies identified one of the Ca2 ligands,
Asp316, in KSCP and its equivalents in PSCP and XCPaccommodate medium-sized and small hydrophobic
side chains, respectively, in good agreement with the (our unpublished data) to be critical for the catalytic
activity of these enzymes. In agreement with these data,preferred cleavage after leucine and phenylalanine and
with the beneficial effect of alanine and proline at the in the crystal structure of KSCP measured at pH 3, the
calcium site remained virtually identical to that at pHP2 position in peptide substrates [12]. The equivalent
S1 and S2 pockets of PSCP, in contrast, are shallower, 4.5 (crystals A, B, B-IPF, and B-IAF), indicating a full
Ca2 coordination also by both Asp carboxylate groups.reflecting the preference for tyrosine and for large resi-
dues, respectively. The P3 side chains of bound, ex- To keep these carboxylate groups deprotonated at pH
3 will cost some extra free energy of binding, whichtended polypeptide substrates mainly point away from
the KSCP surface, while P4 side chains would extend must be provided by the stable molecular folding. The
KSCP structure does not explain why nature makes sointo a medium-sized hydrophobic pocket, in agreement
with the acceptance of P4-leucine, alanine, and proline much effort to maintain the Ca2 site in the SCPs under
acidic conditions.[12]. The large mainly hydrophobic S1 pocket of KSCP
is well shaped to accommodate large phenole-like side
chains, in agreement with the finding of P1-Tyr residues
Biological Implicationsat both cleavage sites in the oxidized insulin B chain,
and the cleft-like S2 subsite can easily bind long polar
Serine proteinases carry out a diverse array of physio-side chains such as those of arginines and (after proton-
logical and cellular functions, ranging from digestive andation) glutamic acids. Based on systematic studies with
degradative processes to blood clotting, cellular andoctapeptides, the S3 subsite was predicted to be large
humoral immunity, fibrinolysis, fertilization, embryonicand to preferentially accommodate bulky aromatic res-
development, protein processing, and tissue remodel-idues.
ing. The three main serine proteinase clans (SA chymo-In the nonprimed-side direction, the KSCP active-site
trypsin-like, SB subtilisin-like, and SC /-hydrolasecleft does not show any barrier preventing the binding
fold) vary in their overall fold but maintain a conservedof longer extended substrates, identifying KSCP as a
Ser/His/Asp catalytic triad. A notable exception is thetypical endopeptidase. A preliminary model of CLN2,
recently reported substitution of the catalytic aspartatebased on the sequence alignment of Figure 2B, explains
by a histidine in the serine proteinase from human cyto-its tripeptidyl aminopeptidase specificity by the pres-
megalovirus [28–31]. The Ser/Glu/Asp catalytic triad re-ence of the Asp132 side chain, which in CLN2 is structur-
ally equivalent to Gly131 of KSCP. The carboxylate of cently defined in the serine-carboxyl proteinase family
Structure
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XL at 4C. The supernatant was diluted into 50 mM sodium acetate,shows a substitution of the histidine residue by a gluta-
pH 4.8, and incubated at 25C for 5 hr to autoactivate the proenzyme.mate and seems to reflect an adaptation of the serine
The activated enzyme was further purified on DEAE-Sepharose Fastproteinase machinery to acidic pH values. The Glu/Asp
Flow and Sephadex G-75 (our unpublished data).
couple placed in a special environment might represent The crystal structure analysis of KSCP purified from pS3-A1
a stable, negatively charged resonance ensemble, showed an inconsistency of the electron density with the sequenced
C-terminal end of the protein in the plasmid pK2. Sequence compari-which could serve as a general base/acid and proton
sons proved that deletion of the third base of the Phe351 codonshuttle under acidic conditions. The additional Glu32/
had lead to a single base frame shift, the concomitant change ofTrp129 pair in KSCP as well as the integral water mole-
the following residues (from 351-FASGAAAERFTGPA-364 to 351-cule in the other SCPs might further support these func-
LLQALLPSASQAQP-364), and the premature termination at P364
tions. This extra structural feature of the thermostable leading to the loss of the 20 C-terminal amino acids. The truncated
KSCP might be required for maintaining a functional KSCP, whose structure is described in this paper, exhibits an almost
2.5-fold higher activity compared with the wild-type kumamolysincatalytic apparatus at high temperatures also.
and seems to be equally stable. The defined residues Leu351–The eukaryotic SCP homologs, such as the human
Leu356 of this construct should have a similar structure as in wild-lysosomal tripeptidyl-peptidase I/CLN2, should work
type KSCP, while the last 8 residues are disordered (see Data Collec-according to a similar catalytic mechanism. An aspartate
tion and Refinement).
residue replacing Gly131 of KSCP (Figure 5A) would
partially explain the tripeptidyl aminopeptidase activity Protein Crystallization
of this lysosomal enzyme, due to the presentation of a The purified recombinant KSCP was used for the crystallization
assays. Crystals of two forms, both of the monoclinic space groupnegative charge to recognize and bind the unsubstituted
P21 and suitable for X-ray diffraction studies, were obtained byP3 N terminus of oligopeptide and protein substrates in
sitting-drop vapor-diffusion procedures. Crystals of form A con-such a manner that N-terminal tripeptides are released.
taining one molecule per asymmetric unit could only be grown fromDeficiencies in CLN2 are associated with classical late-
the uninhibited protein. Form B crystals, with two molecules in the
infantile neuronal ceroid lipofuscinosis, a fatal hereditary asymmetric unit, were obtained from the native protein and by co-
neurodegenerative disorder characterized by lysosomal crystallization of the enzyme with two different inhibitors, namely
N-acetyl-isoleucyl-alanyl-phenylalaninal (Ac-IAF-CHO) and N-ace-accumulation of proteinaceous autofluorescent storage
tyl-isoleucyl-prolyl-phenylalaninal (Ac-IPF-CH). The correspondingmaterial in the neurons and other cells. The structural
crystals are therefore denoted as B-IAF and B-IPF, respectivelyknowledge of the related PSCP and KSCP is, thus, also
(Table 1).a step forward in understanding the chemical basis of
Crystals were grown by mixing 1 l of a 9 mg/ml KSCP solution
this neuronal disease. in 25 mM sodium chloride, 50 mM sodium acetate (pH 5), with 1 l
reservoir solution consisting of 1.2 M ammonium sulfate, 0.1 M
Experimental Procedures sodium acetate (pH 5.2) for crystal form A, and of 0.4 M ammonium
sulfate, 0.1 M sodium acetate (pH 4.5) for crystal form B. Inhibitor
Construction of the KSCP Expression Plasmids stock solutions were prepared by dissolving the inhibitors in DMSO
A 5.8 kb PstI fragment of the chromosomal DNA of Bacillus novosp. at a concentration of 40 mg/ml and diluting them 10-fold in the
MN-32 containing the coding sequence for KSCP was ligated into crystallization buffer. For cocrystallization experiments, 0.3 l 40%
pUC19 (our unpublished data) [32]. The resulting plasmid, pK2, was (v/v) acetonitril and 0.3 l inhibitor solution were added to the drops.
used for recloning the KSCP precursor, containing a presequence, Crystals grew within 1 week at 20C to maximal dimensions of 0.2 
a prodomain, and a 384 amino acid catalytic domain, into pKK223-2 0.05  0.05 mm3 .
via the restriction sites EcoRI and HindIII, introduced into the gene Addition of 30% (v/v) glycerol to the respective crystallization
via PCR amplification. The primers covered the N-terminal (S3) and buffers allowed shock freezing of the crystals. Crystals were soaked
C-terminal gene ends (A1). The resulting plasmid-termed pS3-A1 for 10 s in the cryobuffer before freezing them in a nitrogen stream
was used as template DNA for the construction of KSCP mutants at 100 K (Oxford Cryosystems Cryostream). High-resolution data to
via PCR mutagenesis using Fast Start Taq DNA polymerase. Each 1.4 A˚ resolution were collected for native kumamolysin (crystal form
mutagenesis was performed by three separate PCR reactions, using B) at the DESY BW6 beamline (Deutsches Elektronen Synchroton,
S3 and an “antisense” mutagenesis primer for the specific site, a Hamburg, Germany) at 1.050 A˚. From crystals A (2.3 A˚), B-IAF (1.8 A˚),
“sense” mutagenesis primer for the specific site and A1, and both and B-IPF (2.8 A˚), diffraction data were collected with our in-house
PCR products and S3 and A1, respectively. The products were MAR Research image-plate system (Hamburg, Germany) mounted
ligated into pS3-A1 by replacing the gene of wild-type KSCP. The on a Rigaku rotating-anode X-ray generator (Tokyo, Japan). Addi-
sequences of the S3 and A1 primers were 5-TTTGAATTCATGAGCG tionally, one crystal of the inhibited protein was soaked overnight
ACATGGAGAA-3 and 3-AAATTCGAACCGGTTCAACA-CGAGAG-5, in a solution buffered to pH 3 (B-IPF) containing 0.75 M ammonium
respectively. To investigate the role of highly conserved SCP resi- sulfate, 0.1 M sodium acetate, and 25 mM glycine, before freezing
dues, the following mutants of KSCP were constructed: E78A (sense and collecting a complete data set at 1.9 A˚.
primer: 5-CCGGACGGCGCGGTCGAGCT-3, antisense primer: 5-TCG
AGCTCGACCGCG-CCGTC-3), D82A (sense primer: 5-GTCGAGC Data Collection and Refinement
TCGCTATCGAAGT-3, antisense primer: 5-ACTTCGATAGCGA Indexing and integration of the diffraction data was carried out with
GCT-CGAC-3), D164A (sense primer: 5-GCGGCG-GGCGCCAGC DENZO [34]. The data were merged, scaled and truncated using
GGATC-3, antisense primer: 5-ATCCGCTGGCGCCCGCCGCC-3), programs supported by the Collaborative Computational Project
S278A (sense primer: 5-CACGTCGACTTTCCCGCGGCG-3, anti- Number 4 (The CCP4 suite, 1994). First, the structure of crystal form
sense primer: 5-GGCGGCCGTCCCGCCGATGA-3), and D316A A (corresponding to the native kumamolysin monomer) was solved
(sense primer: 5-GAGGTGTTT-CACGCGATCACCGAG-3, anti- using data collected in house with the program suite AMoRe [35]
sense primer: 5-TCGGTGATCGCGTGAA-ACACCTCC-3). and a modified PSCP search model [10], which consisted of the
residues conserved in both enzymes, while all other residues were
mutated to alanine. After rigid body fitting, the best solution had aExpression and Purification of KSCP
E. coli JM 109 cells [33] carrying the plasmid pS3-A1 were grown correlation coefficient and R factor of 23.1% and 49.5% for
15.0–3.5 A˚ data. The refined structure of crystal A was used asat 27C in ampicillin containing LB broth before KSCP expression
was induced with IPTG. 5 hr after induction, cells were harvested, the model to solve the crystal form B, which contains two KSCP
molecules per asymmetric unit, yielding a correlation coefficient andwashed twice with phosphate buffer (pH 6.5), and resuspended in
the same buffer before disruption with an Ultrasonic model Astrason an R factor of 83.8% and 33.5% for the same resolution range.
Crystal Structure of KSCP
875
Model building was performed on an SGI graphics workstation using from Pseudomonas defines a novel family of subtilisin-like en-
zymes. Nat. Struct. Biol. 8, 442–446.the program MAIN [36]. Positional and individual temperature factor
refinement was carried out with the program CNS [37] until conver- 11. Bode, W., Papamokos, E., and Musil, D. (1987). The high-resolu-
tion X-Ray crystal structure of the complex formed betweengence without imposing noncrystallographic symmetry constraints,
yielding a final R factor of 19.4% for the native 1.4 A˚ structure (Ta- subtilisin Carlsberg and eglin c, an elastase inhibitor from the
leech Hirudo medicinalis. Structural analysis, subtilisin structureble 1).
In the dimeric structures, the polypeptide chains for two indepen- and interface geometry. Eur. J. Biochem. 166, 673–692.
12. Oda, K., Ogasawara, S., Oyama, H., and Dunn, B.M. (2000).dent molecules was defined by electron density from the N-terminal
Ala1 until Leu357, except for main chain segment 241–245 and a few Subsite preferences of pepstatin-intensitive carboxyl protein-
ases from prokaryotes: Kumamolysin, a thermostable pep-side chains. In crystals B-IAF and B-IPF, an unambiguous electron
density indicated the presence of the expected inhibitors. In all statin-insensitive carboxyl proteinase. J. Biochem. (Tokyo) 128,
499–507.structures, one Ca2 ion coordinated by six ligands was identified
and refined with full occupancy. Additional electron density near 13. Lesk, A.M., and Fordham, W.D. (1996). Conservation and vari-
ability in the structures of serine proteinases of the chymotryp-Gly200 was interpreted as a sulfate ion in all structures. During
the final steps of refinement, two alternative conformations were sin family. J. Mol. Biol. 258, 501–537.
14. Siezen, R.J., and Leunissen, J.A.M. (1997). Subtilases: the su-identified and built for a few side chains of structures B and B-IAF.
The main chain angles, calculated with PROCHECK [38], show that perfamily of subtilisin-like serine proteases. Protein Sci. 6,
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